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Introduction {#sec001}
============

Withanolide exits as secondary metabolites; structurally it consists of a steroidal backbone bound to a lactone or one of its derivatives generated from oxidation of steroids \[[@pone.0200053.ref001]\]. These compounds can be isolated from *Withania somnifera* (Indian Ginseng; family: *Solanacea*), also known as Ashwagandha, it is found to have numerous medicinal properties and useful in counteracting various illness like dehydration, muscle tension, memory loss and also restoring general health and vitality. This plant is known to be found globally, with more occurrences in xeric and drier regions of tropical and subtropical areas \[[@pone.0200053.ref002],[@pone.0200053.ref003]\]. We have selected four derivatives of this plant, which are withanolide A (C~28~H~38~O~6~-470.6Da), withanolide B (C~28~H~38~O~5~-454.6Da), withanoside IV (C~40~H~62~O~15~-782.9Da) and withanoside V (C~40~H~62~O~14~-766.9Da) for our study ([Fig 1](#pone.0200053.g001){ref-type="fig"}). The withanolides and withanosides are distinctive with their C-28 and C-40 steroidal lactones, with six-membered lactone ring formed by oxidization of the C-22 and C-28 on ergostane backbone. Although structurally similar, withanolide A differs from withanolide B with the presence of an extra hydroxyl group on C-20 atom, whereas withanoside IV differs from withanoside V with the presence of an extra hydroxyl group on C-27 atom. The derivatives of *Withania somnifera* have been used since time immemorial in Ayurveda and ancient system of medicine for its pharmacological activities like chemopreventive, anti-inflammatory, anti-arthritic, and angiogenesis activity \[[@pone.0200053.ref004]\]. These compounds are also known to exhibit nootropic effect and are effective against several neurodegenerative diseases including Alzheimer\'s and Parkinson\'s disease \[[@pone.0200053.ref005]\], hence Ashwagandha derivatives have become very popular oral supplement globally because of its strong remedial properties. Owing to the remedial properties of withanolides and withanosides, their affinity to bind with human serum albumin (HSA) was carried out, which might play crucial role in its pharmacokinetics and pharmacodynamics.

![The structure of withanolide A (C~28~H~38~O~6~-470.6Da), withanolide B (C~28~H~38~O~5~-454.6Da), withanoside IV (C~40~H~62~O~15~-782.9Da) and withanoside V (C~40~H~62~O~14~-766.9Da).](pone.0200053.g001){#pone.0200053.g001}

Albumin is a major circulating protein in blood plasma, comprising approximately 60% of the blood proteins \[[@pone.0200053.ref006],[@pone.0200053.ref007]\] is a non-glycosylated protein of 66.5KDa, and 585 amino acids having 67% α- helix in its native conformation \[[@pone.0200053.ref008]\]. It has three domains I, II and III; each having two sub-domains A and B, which are connected via random coils. It has two important drug binding sites known as Sudlow\'s site II and I \[[@pone.0200053.ref009],[@pone.0200053.ref010]\] which are domain IIIA, IIA and also domain IB noticed as one of drug binding site \[[@pone.0200053.ref011]\]. It is well established that HSA has 35 residues of Cys and forms 17 disulfide bonds that contributes to the stability of the protein. The single 34^th^residue of Cys imparts the protein its anti-oxidant property \[[@pone.0200053.ref012]\]. This negatively acute phase protein exerts pharmacological property because of its long half-life of 19 days, and its ability to bind with several exogenous as well as endogenous compounds \[[@pone.0200053.ref013]\]. The interaction between the drugs and plasma protein influences the absorption, bio-distribution, metabolism and excretion of the drug. Our group has earlier reported various therapeutic phytochemicals like lupeol, trimethoxyflavone, asiatic acid, lupeol and β-sitosterol its derivative binds strongly to serum albumin \[[@pone.0200053.ref014]--[@pone.0200053.ref017]\].

Since withanolide is having several kind of biological importance and we presume that other four derivatives of withanolide A (C~28~H~38~O~6~), withanolide B (C~28~H~38~O~5~), withanoside IV (C~40~H~62~O~15~) and withanoside V (C~40~H~62~O~14~) also may have good therapeutic role. So far the role of these molecules in biological samples including *in vitro* or *in vivo* have not been explored. Since, human serum albumin is an important transport protein, we have chosen this protein to study the pharmocokinetics and pharmakodynamics of the phytocompounds.

Materials and methods {#sec002}
=====================

Preparation of stock solutions {#sec003}
------------------------------

Fat free HSA was procured from Sigma Aldrich and working concentration of 100μM was made by dissolving in 100mM PBS of pH 7.4 to maintain the physiological condition. Withanolides A (CAS No. 32911-62-9), B (CAS No. 56973-41-2) and withanosides IV (CAS No. 362472-81-9), V (CAS No. 256520-90-8) which are extracts of extracts of Indian Ginseng plant which were procured from Natural Remedies Pvt.Ltd, Bengaluru, India with purity of \~99%. These compounds were first dissolved in dimethyl sulphoxide (DMSO) at 20 mM. This stock solution was further diluted to a concentration of 100μM working stock in PBS (pH 7.4) similar to our previously reported studies \[[@pone.0200053.ref018],[@pone.0200053.ref019]\]. All other chemicals used were of analytical grade from Sigma Aldrich.

Room temperature fluorescence spectra {#sec004}
-------------------------------------

Fluorescence spectroscopy is an astounding technique used to study the interaction between protein and ligands and calculation of binding constant and free energy. Concentration of HSA was kept constant at 1μM and Withanolides A&B and withanosides IV & V were titrated in an increasing concentration from 1μM to 9μM in 0.1mM PBS of pH 7.4. Perkin Elmer LS55 fluorescence spectrometer was used to record the spectra and incubation time for all the derivatives were kept constant for 5 mins. Emission spectra was recorded in the range of 300-500nm, with parameters set around like our previous studies \[[@pone.0200053.ref020]\]. Excitation wavelength of HSA was kept at 285 nm and slit width 5 nm for excitation and emission spectra. Three independent experiments were carried out and each time spectra recorded was almost identical.

Molecular displacement {#sec005}
----------------------

For determining the exact binding site of the withanolides A&B and withanosides IV&V derivatives to HSA, we have studied the interaction of these derivatives with HSA in the presence of certain site specific markers (Lidocaine for domain I, Phenylbutazone for domainII, and Ibuprofen for domain III \[[@pone.0200053.ref021]--[@pone.0200053.ref023]\]. The choices for the site specific individual markers were based upon previous studies, it has been proved that these markers were specific to the site I--III, and extensive binding site studies of different ligands with HSA were given in the literature. In view of those studies, we have purchased these markers from Sigma alridch with catalogue No. for our studies (Lidocaine (CAS No. 137-58-7), Phenylbutazone (CAS No. 137-58-7) and Ibuprofen for domain III (CAS No. 15687-27-1). The concentration of HSA and the markers were kept constant at 1 μM, and remaining all parameters were same as fluorescence spectroscopy. Experiments were done in triplicates and based upon the binding energy values, the binding sites were determined.

Circular dichroism measurements {#sec006}
-------------------------------

For exploring the conformational change of the protein upon addition of a ligand, circular dichroism is referred to as the 'Gold Standard'technique. Circular dichroism **(**CD) spectro-polarimeter, Jasco-815 was used for the study and the temperature was kept constant at 25 ºC. Spectra were recorded in a quartz cell with path length of 0.02cm. Data was recorded from 190-260nm with scan speed of 50nm/sec. The concentration of HSA was persistent at 1μM and the concentation of drugs 2, 4, 6 μM were added gradually similar to the previous studies \[[@pone.0200053.ref024]\]. CDNN 2.1 web based software was used to calculate the change in percentage of α-helix, β-sheet and random coils from its native conformation upon addition of withanolides and withanosides with increasing concentrations.

Atomic force microscopy {#sec007}
-----------------------

Atomic Force Microscopy was used to visually detect any change in the topography of the protein molecule surface upon addition of the ligand. AFM experiments were done by NT-MDT solver scanning probe microscopy in semi contact mode using cantilever (0.3mm) with a force constant (5.5--22.5N/m) and the typical imaging resonance frequency was 140 kHz. 3.6x 1.6x0.4mm was the size of the gold-coated silicon probes used; tip height was 14--16μm and radius of curvature 10 nm \[[@pone.0200053.ref025]\]. For sample preparation, 20 μL of 2 μM free HSA was spread on a glass slide and incubated for 10 minutes and then it was washed with 1ml de-ionized water to remove loosely bound molecules from the surface; and for HSA-ligand complexes, 20 μL of a 10 μM withanolides and withanosides were first incubated with HSA and similarly spread on a glass slide, washed and dried under for 5 min. The dried samples were then imaged by AFM in non-contact mode.

Transmission electron microscopy (TEM) {#sec008}
--------------------------------------

FE1 Tecnai G^2^S-Twin-200kv instrument was used to observe the change in the morphology of the protein upon addition of the ligand, in high resolution. 1μM HSA was used as the control and for HSA-ligand complexes, 1 μM HSA was incubated with 2 μM of withanolides (A and B) and withanosides (IV and V) individually. A drop of these samples was added on the carbon coated copper grids and excess sample was removed by absorption with filter paper. Before drying of the samples 2% uranyl acetate negative stain was added and final observation was made as described\[[@pone.0200053.ref019]\].

Molecular docking {#sec009}
-----------------

Molecular docking is a computation tool used to predict the predominant binding mode of the ligand to a protein and to locate geometrically and energetically the most stable conformer complex. Here, we have used Autodock 4.2.3 ([http://autodock.scripps.edu](http://autodock.scripps.edu/)) to generate the 50 docked conformers of the protein ligand complexes by using genetic lamarckian algorithm. The crystal structure of HSA (PDB ID: 1AO6) was downloaded from the Brookhaven Protein Data Bank. Three-dimensional structure of withanolides and withanosides was built from 2D structure and geometry, and optimized using Discovery studio 3.5 software. Water molecules were removed, Kollmann charges and polar hydrogen atoms were added to the PDB structure of HSA before analysis. Grid size of 126 × 126 × 126 along X, Y and Z axis with 0.586 Å grid spacing was generated to carry out blind docking of withanolides and withanosides with HSA. The docking parameters used were: maximum number of energy evolutions: 250,000; GA population size: 150; and the number of GA runs; 30 \[[@pone.0200053.ref026]\]. The conformer with the lowest binding energy was used for further studies and it was in sync with the experimental results obtained by Fluorescence spectroscopy.

Molecular dynamics {#sec010}
------------------

Molecular dynamics (MD) Simulation for 10 ns was performed at 300K and 1 bar pressure for the energetically most stable conformer by using GROMACS V 4.6.3 software ([http://www.gromacs.org](http://www.gromacs.org/)). The free energy obtained from fluorescence and the best conformer from docking results was used for the MD simulations. The topology parameters of HSA were created by using Dundee PRODRG2.5 server (<http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg>). The complex structure was immersed in a box of 7.335 × 6.135 × 8.119 nm^3^ dimension with extended simple point charge (SPC) water molecules. Sodium counter ions were added to maintain electro-neutrality. All the parameters were same as our previously reported work \[[@pone.0200053.ref027]\]. Simulation and analysis were performed on Linux cluster with 36 nodes (dual Xeon processor) at the Bioinformatics facility, University of Hyderabad.

Results {#sec011}
=======

Fluorescence spectroscopy {#sec012}
-------------------------

The active principles of these phytochemicals withanolide A, withanolide B, withanoside IV and withanoside V were not well understood related to food supplements but ashwagandha has been used as a ayurvedic remedy for various ailments. Since, HSA is an important protein to transport the small molecules to the target places, thus, we have focused our study to understand the binding mechanism of these isolated molecules with HSA. The intrinsic fluorescence in HSA is because of the presence of a single tryptophan residue at the position 214, also there are 18 tyrosine and 33 phenylalanine residues. By continuous titration of phytochemicals withanolide A, withanolide B, withanoside IV and withanoside V to HSA, the fluorescence of protein was quenched. These results inferthat the intrinsic fluorescence of HSA is quenched gradually with increasing concentrations of withanolides and withanosides derivatives because of the change in microenvironment around Trp214 residue. Its inner filter affect can be corrected by using the following equation, $$F_{cor} = F_{obs}10(A_{exc} + A_{emi})/2$$

Where F~cor~ and F~obs~ are corrected and observed fluorescence intensity respectively. A~ext~ and A~emi~ are absorbance at fluorescence excitation (285 nm) and emission (360 nm) wavelengths \[[@pone.0200053.ref028]\]. To validate whether the complex is undergoing dynamic or static quenching, bimolecular quenching constant was calculated from the slope of F~O~/F vs Q and it was found to be linear, which indicates that it is undergoing static quenching. The fluorescence data was analyzed using the stern-volmer equation $$Fo/F = 1 + k_{q}t_{0}\lbrack Q\rbrack = 1 + K_{D}\lbrack Q\rbrack$$ where F~0~ and F are fluorescence intensities, in the absence and presence of the quencher. Q is quencher concentration and K~D~ is the stern-volmer quenching constant which can be written as K~D~ = Kqt~0~; t~0~ is the lifetime of the fluorophore for HSA (5.6ns). Since the interaction between withanolides and withanosides, and HSA is by static mode of binding, the modified stern-volmer regression curve is used to determine the binding constant (Ks) and the number of binding sites (n), where n is the slope and Ks is the binding constant.

![](pone.0200053.e003.jpg){#pone.0200053.e003g}
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The binding constants were calculated to be K~Withanolide\ A~ = 3.04 ±0.05 X 10^4^ M^-1^, K~Withanolide\ B~ = 7.59±0.05 X 10^4^ M^-1^, K~Withanoside\ IV~ = 6.74±0.03 X 10^4^ M^-1^ and K~Withanoside\ V~ = 5.33±0.05 X 10^4^ M^-1^ respectively as shown in ([Fig 2A--2D](#pone.0200053.g002){ref-type="fig"}). This data indicates that withnolide and withanoside derivatives are strongly binding to the HSA. Hence, our results are in agreement with previously published phytochemicals were strongly associated with HSA \[[@pone.0200053.ref029],[@pone.0200053.ref030]\]. Also, the obtained binding constants are in concurrence with the food and drug administration (FDA) which indicates that phytochemicals used here withanolide A, withanolide B, withanoside IV and withanoside V could be potential therapeutic molecules.

![Fluorescence spectroscopic studies of HSA with withanolide and withanoside molecules, indicating the interaction of the drug with plasma protein.\
The association constant (**K**~**S**~) and free energy change along with stern-volmer plots showing fluorescence quenching constant (kq) and plot of Fo/F against \[Q\] at λex = 285 nm and λem = 360 nm for (A) withanolide A, (B) withanolide B, (C) withanoside IV and (D) withanoside V.](pone.0200053.g002){#pone.0200053.g002}

The standard free energy change is calculated by using the following equation.

![](pone.0200053.e004.jpg){#pone.0200053.e004g}
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Where ΔG is the free energy change, R is the gas constant at room temp and K is binding constant calculated from fluorescence data. The free energy changes upon binding of withanolides and withanosides with HSA was -5.61 Kcal M^-1^, -6.63 Kcal M^-1^, -6.56 Kcal M^-1^ and -6.36 Kcal M^-1^ respectively at 25 ^0^ C. This indicates that the interaction between the drugswith serum albumin is mainly hydrophobic interactions. The computationally derived free energy change was found to be totally in sync with the experimental data.

Displacement studies {#sec013}
--------------------

Using site specific markers we can understand the exact binding of ligand molecules to the specific domains of HSA. Hence, there are different site specific markers like lidocaine for domain I, phenylbutazone for domain II and ibuprofen for domain III \[[@pone.0200053.ref022]\] and using these markers the fluorescence was performed to analyze the specific binding domain of HSA on interaction with withanoside and withanolide derivatives \[[@pone.0200053.ref028],[@pone.0200053.ref031]\]. Because of the structural and molecular similarity of four derivatives, all of them showed fluorescence emission quenching by displacing phenylbutazone, i.e. they are binding on domain II of HSA with a binding constant were K~WithanolideA+pb~ = 2.57±0.05 X 10^4^ M^-1^, K~WithanolideB+pb~ = 6.84±0.05 X10^4^ M^-1^, K~WithanosideIV+pb~ = 1.89±0.05 X 10^4^ M^-1^ and K~WithanosideV+pb~ = 4.80±0.03 X 10^4^ M^-1^. The free energy changes for different were -6.09 Kcal M^-1^, -6.56 Kcal M^-1^, -7.17 Kcal M^-1^ and -6.42 Kcal M^-1^ respectively([Fig 3A--3D](#pone.0200053.g003){ref-type="fig"}). We also performed with other site specific markers (i.e lidocaine, ibuprofen), however, they were not displaced by the withnolide compounds. These results indicate that the drug molecules are specifically binding to Sudlow's drug binding site I. Our Experimental results are in congruence with the computational data as also illustrated in our previous reports \[[@pone.0200053.ref032]\].

![Site displacement studies using site-specific markers; Phenylbutazone (PHEB) was used as marker for HSA domain IIA (Sudlow site I).\
Fluorescence spectroscopic studies performed using HSA and Phenylbutazone at equal concentrations (1μM) and drugs with increasing concentrations (1μM \~ 9μM) (A) HSA-PHEB-withanolide A (B) HSA-PHEB-withanolide B (C) HSA-PHEB-withanoside IV and (D) HSA-PHEB-withanoside V.](pone.0200053.g003){#pone.0200053.g003}

Circular dichroism {#sec014}
------------------

Circular dichroism is a fundamental technique to study any secondary structural change upon interaction of protein and ligand. HSA showed a dip at 208 and 222nm in the far UV region which are mainly originated from helical structure \[[@pone.0200053.ref020]\]. The secondary structure of HSA comprises of 58% α-helix, 20% β-sheet (parallel and anti-parallel) and 22% random coils, but upon titration with withanolide and withanoside molecules there was partial unfolding of HSA protein and change in the dip in 208 and 222nm as shown in ([Fig 4A--4D](#pone.0200053.g004){ref-type="fig"}).

![Circular Dichroism studies of the free HSA and HSA--drug complexes.\
The free HSA and HSA--drug complexes in aqueous solution with a protein concentration fixed at 1μM and with increasing drug concentrations at 2,4, and 6 μM. (A) withanolide A (B) withanolide B (C) withanoside IV and (D) withanoside V.](pone.0200053.g004){#pone.0200053.g004}

Conformational analysis was done using CDNN software, shows the percentage of α-helix increasing up to 69.30±2.5, 70.54±2.5, 66.8±2.5 and 61.5±2.3 upon binding with withanolide A, withanolide B, withanoside IV and withanoside V respectively, and simultaneously there is decrease in the percentage of β-sheet and random coil ([S1 Table](#pone.0200053.s003){ref-type="supplementary-material"}). In general most of the ligand molecules binding to HSA \[[@pone.0200053.ref033],[@pone.0200053.ref034]\]. Similar studies were done for various molecules and revealed that upon binding of ligands, there is change in the secondary structure of HSA\[[@pone.0200053.ref035]\].

Topological observations from atomic force microscopy {#sec015}
-----------------------------------------------------

To corroborate topological changes in surface of free HSA and HSA upon addition of drug derivatives, atomic force microscopy (AFM) was used. The results explain that upon incubation with drug molecules, there is a significant increase in the size of the complex as shown in ([Fig 5A--5J](#pone.0200053.g005){ref-type="fig"}). But as the molecular weight of withanoside IV and withanoside V is larger than that of withanolide A and withanolide B, the complex formed by interaction with withanoside IV and withanoside V are larger. The unliganded HSA is showing a small size comparatively with bound HSA with withanaloides, and the results corroborate with the previous studies \[[@pone.0200053.ref036]\]. The complex in the presence of withanolide (A, B), and withanoside (IV, V) were showing remarkable increase in size i.e. growing around to become 70nm, 130nm, 190 nm and 300 nm ([S1 Fig](#pone.0200053.s001){ref-type="supplementary-material"}). These results indicate that the above molecules are formed complexes with HSA. Our results deciphered that it could be the hydrophobic contacts play a major role while binding of withanolides and withanosides compounds with HSA complexation \[[@pone.0200053.ref037]\] which is in an agreement with the free energy calculations. These experiments were performed in triplicates and similar results were reproduced always.

![Atomic Force Microscopic (AFM) studies to visualize alteration in HSA molecule topology in presence of withanolide and withanoside derivatives at 10 μM resolution.\
(A) Only HSA (B) HSA+withanolide A (C) HSA+withanolide B (D) HSA+withanolide IV and (E) HSA+withanolide V.](pone.0200053.g005){#pone.0200053.g005}

Transmission emission microscopy {#sec016}
--------------------------------

TEM was used to visualize the structural and topographical change in HSA and ligated HSA upon incubation with various drug derivatives \[[@pone.0200053.ref038]\]. At resolution of 0.2μM the size of unligated HSA molecule were found to be of size 0.04±10μM, whereas in the presence of withanolide A and B, and withanoside IV and V, it increased to 0.06±10μM, 0.06±10μM, and 0.07±10μM, 0.08±10μM respectively ([Fig 6A--6E](#pone.0200053.g006){ref-type="fig"}), which can interprets the complexes formed by the interaction of HSA with these derivatives. Thus, it can be derived that interaction among the protein and withanolide A, withanolide B, withanoside IV and withanoside V are taking place and these results are in harmony with the results obtained from other techniques.

![Transmission Electron Microscopic (TEM) studies to visualize alteration in HSA molecule topology in presence of withanolide and withanoside derivatives at 200 nM resolution.\
(A) Only HSA (B) HSA+withanolide A, (C) HSA+withanolide B, (D) HSA+withanolide IV and (E) HSA+withanolide V.](pone.0200053.g006){#pone.0200053.g006}

Molecular docking {#sec017}
-----------------

The displacement studies by the use of site specific markers indicated that the withanolide and withanoside derivatives were binding at Sudlow's drug binding site I of HSA. Autodock 4.2.3 software was used further to confirm the precise binding site and residues on HSA upon binding of these derivatives. Since the binding location of the protein is of utmost importance to study the biological activity of the drug and it also plays a major role in pharmacokinetics and pharmacodynamics of the drug. Crystal structure of HSA was procured from Protein Data Bank (PDB Code: 1A06). Withanolide A is binding to HSA by hydrogen bond formation by interacting with Glu208 in the hydrophobic cavity of subdomain IIA, and withanolide B is interacting with His338, withanoside IV is forming a hydrogen bond at Arg197 and Lys205, and withanoside V is interacting with residues of Tyr341 and Tyr334 and Leu305; with binding constants of K~Withanolide\ A~ = 4.93 X 10^4^ M^-1^, K~Withanolide\ B~ = 7.42 X 10^4^ M^-1^, K~Withanoside\ IV~ = 2.50 X 10^4^ M^-1^ and K~Withanoside\ V~ = 2.49 X 10^4^ M^-1^ and free energy were be -6.40 Kcal M^-1^, -6.64 Kcal M^-1^, -3.27 Kcal M^-1^ and -3.26 Kcal M^-1^ respectively at 25 ^0^C respectively. The results were shown in ([Fig 7A--7L](#pone.0200053.g007){ref-type="fig"}), and are generated by using the Pymol software ([https://pymol.org](https://pymol.org/)), and Ligplot ([www.ebi.ac.uk/thornton-srv/software/LIGPLOT](http://www.ebi.ac.uk/thornton-srv/software/LIGPLOT)) is used to illustrate the two-dimensional interaction by hydrogen bond formation and hydrophobic interactions. The Binding constant values calculated computationally were in accordance with the values obtained experimentally \[[@pone.0200053.ref031],[@pone.0200053.ref039]\].

![Molecular docking studies between HSA and withanolide A, withanolide B, withanoside IV and withanoside V showed that the minimum binding energy conformer is very close to the experimentally determined values. (A, D, G, J) Cartoon model of HSA showing withanolide derivatives A, B, IV and V docked in the binding pocket using Autodock 4.2. (B, E, H, K) Pymol generated images showing withanolide A, withanolide B, withanoside IV and withanoside V binding in their specific binding site of HSA. The cavity of hydrophobic and hydrophilic amino acid residues surrounding the probe. (C, F, I, L) Ligplot showing the hydrophobic interactions of HSA with withanolide derivatives.](pone.0200053.g007){#pone.0200053.g007}

Molecular dynamics {#sec018}
------------------

Molecular simulation studies compute the behaviour of a system as a function of time. It has emerged as a powerful tool for understanding the interaction between protein and ligands to predict how conformational changes occur to achieve the lowest free energy conformer. Usually, RMSD (root mean square deviation), RMSF (Root mean square fluctuation) and Rg (radius of gyration) are used to know the change in the microenvironment, atomic fluctuation, rigidity and stability of the HSA-ligand complexes in comparison to HSA alone \[[@pone.0200053.ref040],[@pone.0200053.ref041]\]. Hence, in our study we have measured the same parameters for HSA with withanolide and withanoside complexes to understand the interaction mechanism. Energetically the most stable complex of docking was taken and dynamics was studied for 10ns.

Generally, Rg is used for measuring the compactness of structure, hence Rg of withanolides and withanosides complexes showed stability throughout the 10ns after initial rigidity at 2ns. The Rg value of unliganded HSA is, 2.65±0.35nm,the complex HSA-withanolide A, HSA-withanolide B, HSA-withanoside IV and HSA-withanoside V showed fluctuations in between 2.63±0.05nm, 2.61±0.02nm, 2.65±0.03nm, and 2.65±0.02nm, respectively showing the stability of the complexes. These results indicate the conformational and stability changes in the secondary structure of HSA, which is totally in congruence with the results obtained from circular dichroism.

To access the stability of the system RMSD of the complex atoms was analysed as a function of time for MD trajectory. The RMSD values of atoms of protein backbone (C-Cα-N) were calculated for only HSA and HSA-ligand complex. RMSD of HSA-withanolide A, HSA-withanolide B, HSA-withanoside IV, and HSA-withanoside V showed stability at 3ns and remained constant throughout 10ns. From 0-10ns trajectory data the RMSD value of unliganded HSA is 0.4±0.03nm while for HSA--ligand complexes fluctuations were in between 0.3±0.03nm, while withanolide B had initial fluctuations which later stabilized at 6.5 ns from 0.35±0.03nm as shown in ([Fig 8A--8L](#pone.0200053.g008){ref-type="fig"}).It can be concluded that the complexes remain stable with no major change from the initial docked conformer owing to the stability of the ligated HSA.

![(A-D)-Time evolution of the radius of gyration (Rg) during 10 ns of MD simulation of unliganded HSA and HSA--drug derivatives complexes. (E-H)-Plot of RMSD values for unliganded HSA and HSA--drug derivatives complexes. (I-L)- Comparison of the RMSF of Calcium atoms along the sequence derived from the 10 ns simulations.](pone.0200053.g008){#pone.0200053.g008}

Rigidity of peptide structure and thermal vibrations were measured by RMSF values. Local protein mobility was seen by analysing the time averaged RMSF values of only HSA and the HSA-drug complexes. As these derivates of withanolide A, withanolide B, withanoside IV and withanoside V binds to HSA, there is increased rigidity and flexibility in different sub domains of HSA which is plotted against the residue number. The microenvironment around the binding site showed strong overlapping of binding region of the HSA-withanolide A, HSA-withanolide B, HSA-withanoside IV and HSA-withanoside V and are in between 200--250 residues which are a part of hydrophobic cavity of HSA and there is more rigidity around those amino acids indicating strong interaction at binding site 1([S2 Fig](#pone.0200053.s002){ref-type="supplementary-material"}). Hence, MD data is an indication that the withanolide A, withanolide B, withanoside IV and withanoside V derivatives are binding with HSA with stable conformations and hence this study can be extend to study the therapeutic role in biological samples.

Conclusions {#sec019}
===========

The goal of this study was to elucidate the effect of interaction of phytocompounds, i.e. derivatives of *Withania somnifera* (Ashwagandha) namely withanolide A, withanolide B, withanoside IV and withanoside V, with carrier plasma protein HSA. Quenching of fluorescence emission of HSA showed the formation of HSA-ligand complex formation with binding constant of K~Withanolide\ A~ = 3.04±0.05 X 10^4^ M^-1^, K~Withanolide\ B~ = 7.59±0.05 X 10^4^ M^-1^, K~Withanoside\ IV~ = 6.74±0.03 X 10^4^ M^-1^ and K~Withanoside\ V~ = 5.33±0.05 X 10^4^ M^-1^. These binding constants fall under the range of 103--10^6^ M^-1^, which is in the range of known FDA approved drugs. Circular Dichroism also shows partial unfolding of the protein upon interaction of these molecules with HSA and further it was confirmed by AFM and TEM on basis of morphological and topological changes in the protein-ligand complexes. Our experimental results illustrated strong binding between these derivatives with HSA and isin corroboration with the *in silico* data of molecular docking and MD simulations. Owing to similar molecular and structural formula all the derivatives of *Withania somnifera*,were seen to displace phenylbutazone and bind on Sudlow\'s site I. Using MD simulation the stability of only HSA and HSA--drug complexes were qualitatively compared for 10 ns. The study undertaken in our lab will be helpful in further understanding the pharmacokinetics and pharmacodynamics of these compounds and it provides a base to further exploit the far-reaching pharmaceutical potential of these steroidal derivatives.
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###### The profile of atomic fluctuations.

Atomic fluctuations of unliganded HSA and HSA- Withanolide and Withanoside complexes to the active site amino acid residues present in the site I of HSA.

(DOCX)

###### 

Click here for additional data file.

###### The HSA-withanoside derivative complexes at 10 ns simulations showed rigidity of residues in their respective domains.
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###### 

Click here for additional data file.

###### This table shows percentage change in the secondary structure upon addition of different concentration of withanolide and withanoside drugs.
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###### 

Click here for additional data file.
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